Abstract -In conventional agriculture, weed control by herbicides is an expensive practice and can also have a negative effect on the environment. Allelopathy permits sustainable weed management while reducing the impact of agriculture on the environment. We studied the content of 2,4-dihydroxy-1,4 (2H)-benzoxazin-3-one (DIBOA) and benzoxazolin-2(3H)-one (BOA), indicated as benzoxazinoids and considered effective for weed control, in 8 cultivars of rye and 1 of triticale grown in a greenhouse. We also tested the ability of mulches to inhibit the germination of four warm-season weeds. Our results show that all rye cultivars produced DIBOA, while BOA was found only in four of them. Benzoxazinoids were absent in triticale. Total benzoxazinoid content ranged from 177 to 545 μg g −1 and was statistically different among cultivars. Rye mulches were not able to suppress velvetleaf and common lambsquarters seedlings, while redroot pigweed and common purslane were significantly affected. Weed suppression ranged from 40% to 52% for redroot pigweed and from 40% to 74% for common purslane. The inhibitory activity of triticale mulch was observed only for common purslane, with a suppression percentage of 33%. No correlation was found between total benzoxazinoid content and the number of weed seedlings suppressed, with R 2 of 0.076 for redroot pigweed and R 2 of 0.003 for common purslane, indicating that benzoxazinoids are not the only source of phytotoxicity.
INTRODUCTION
Modern conventional agriculture requires a high degree of inputs and technology. The herbicidal control of weeds is a costly affair and also deteriorates the quality of soil, water, animal and human health, and food (Cihacek et al., 1996; Doran and Safley, 1997; Narwal, 2006) . The excessive use of herbicides can also, in some circumstances, lead to the development of resistance to synthetic chemicals and an increase in the number of herbicide-resistant weeds (Duke et al., 2002; Bhowmik and Inderjit, 2003; Batish et al., 2007) . Therefore, economic and environmental constraints of crop production systems have stimulated interest in alternative weed management strategies (Anaya, 1999; Mortensen et al., 2000; Singh et al., 2001) . Allelopathy refers to the inhibition of growth of a plant due to organic substances released by another organism. Allelopathy plays an important role in agroecosystems and offers the potential for selective biological weed management by the production and release of allelochemicals from leaves, flowers, seeds and roots of living or decomposing plant materials (Weston, 1996) .
Rye is a plant which provides excellent weed suppression through both allelopathic and competitive mechanisms. Rye residues maintained on the soil surface release the benzoxazinoids 2,4-dihydroxy-1,4 (2H)-benzoxazin-3-one (DIBOA) and benzoxazolin-2(3H)-one (BOA) (Barnes and Putnam, 1987; Friebe, 2001) ; both of which strongly inhibit the germination and seedling growth of several dicot-and monocotyledonous plant species. The chemical structures of DIBOA and BOA are shown in Figure 1 .
Several studies have demonstrated the allelopathic characteristics of rye residues; some experiments have shown marked reductions in the germination and growth of several problematic agronomic weeds, including barnyardgrass (Echinochloa crus-galli L.), common lambsquarters (Chenopodium album L.), common ragweed (Ambrosia artemisiifolia L.), green foxtail [(Setaria viridis L.), Beauv.] and redroot pigweed (Amaranthus retroflexus L.) (Putnam and DeFrank, 1983; Shilling et al., 1985; Tabaglio and Gavazzi, 2006) . Moreover, soil nutrients influence allelopathic activities significantly (Rice, 1984) ; Mwaja et al. (1995) found that DIBOA and BOA levels in greenhouse-grown rye shoots were lower under high-fertility regimes when compared with those grown under low-and medium-fertility regimes. The production of allelopathic compounds varies within the same species and with plant age (Argandona et al., 1981) . To improve management strategies for the use of allelopathic cover crops in the field, it is important to investigate if there are significant differences in total benzoxazinoid content among Secale cereale cultivars.
The present study, conducted in a greenhouse, aimed to examine the content of DIBOA and BOA in eight of the most recent and readily-available rye cultivars on the Italian market and to study the effect of mulches on four warm-season weeds. Since Niemeyer et al. (1992) reported on the presence of DIBOA in triticale, it was decided to grow one cultivar of triticale used in the Po plain together with the eight cultivars of rye.
MATERIALS AND METHODS

Greenhouse-grown rye and triticale
and determination of DIBOA and BOA
The study involved seven cultivars (Born, Fasto, Forestier, Matador, Nikita, Primizia and Protector) and one hybrid (Treviso) of rye (Secale cereale L.) (hereafter all indicated as cv.) and one cultivar of triticale, Trimaran (Triticum secalotriticum saratoviense Meister), chosen from those most readily available on the Italian market. The study was carried out in an unheated greenhouse. The randomized block design had 9 treatments and 6 replications. 54 plastic pots (59.5 × 18 × 14 cm, with a surface area of 0.11 m 2 ) were used, each containing 12 kg of dry soil. The soil was a loam, with the following properties: pH 7.51, organic matter 1.79%, available P 15.6 mg kg −1 , exchangeable K 131 mg kg −1 and cation exchange capacity 16.3 cmol + kg −1 . The rye and triticale were sown on 15/12/2004. 40 germinable kernels were placed in each pot. The plants were grown under unlimited water availability and were not fertilized. Each cultivar was cut at the heading stage. Shoot tissues were cut at ground level, ovendried for 3 days at 60
• C, and weighed (Burgos et al., 1999) . The dry shoots were cut into 1-cm lengths; for DIBOA and BOA determination samples were ground to pass through a 40-mesh screen in a Wiley mill. Ground tissues were stored in amber-colored bottles at room temperature until the extraction of allelochemicals.
The dried plant material was thoroughly mixed to obtain a homogenous distribution of fine and coarse particles. Aliquots of 80 mg were extracted with 50% methanol (1:45 w/v). The mixture was mortared for further homogenization for 15 min and centrifuged (15 min at 10000 g). The supernatant was used for HPLC (Beckman Coulter pump module 126 equipped with a diode array detector 166).
For DIBOA/DIBOA-Glc determinations the following gradient was used: 0-10 min 100% A (H 2 O, 0.1% TFA); 10-30 min 25% A in B (methanol); 30-35 min 100% B. Compounds were separated with an analytical Nucleodur 100-5 C18 column (Macherey and Nagel); the detection wavelengths were 280 and 227 nm. DIBOA and DIBOA-glc were calculated in sum using external standard curves for quantifying.
BOA determinations were performed using the isocratic system described by Reberg-Horton et al. (2005) BOA determinations were run with an analytical ultrasphere ODS RP 18 column (Beckman Coulter); the detection wavelengths were 280 and 227 nm. Calculations of content were based on external standard curves. The data obtained were from 6 different extractions. The reference compounds DIBOA and DIBOA-glc were a gift from Prof. Sicker, University of Leipzig. The BOA was purchased from Fluka.
Preparation of mulches and sowing of weeds
Given the limited quantity of material for the mulch, the biomass obtained for each cultivar was first reconstituted and then redistributed over half of the pots previously used, thus using only three replications. To these pots were added three control pots without mulch. On June 13th 2005, 60 viable seeds were sown in each pot and for each weed. The velvetleaf seeds (Abutilon theophrasti Medicus), redroot pigweed (Amaranthus retroflexus L.) and common lambsquarters (Chenopodium album L.) came from Herbiseed (Twyford, UK), while those of common purslane (Portulaca oleracea L.) were collected in our own fields. Immediately after sowing 10 mm of water was applied to each pot; the soil was then kept in conditions similar to field capacity using pot saucers. The study ended on July 15 2005; throughout the greenhouse period five counts of emerged seedlings were carried out 8, 11, 18, 25 and 32 days after sowing. Seedlings which had emerged were counted at cotyledon appearance and removed.
RESULTS AND DISCUSSION
The above-ground biomass of eight cv. of rye and triticale and the percentages of dry matter are presented in Table I . The Treviso hybrid was the least productive (8.4 g/pot), while Primizia was the most productive (16.9 g/pot); all the others ranged between these two, from 10.9 to 13 g/pot. The classification of the cultivars mostly reflects their level of earliness, as was further confirmed by the percentages of dry matter; Primizia has a higher value, of about 6 percentage points above Treviso. The earliness range was of only 10 days, much lower than is typical for the same materials in the field, probably due to the environmental conditions in the greenhouse, which led to accelerated growth. The production of biomass was rather low, due to the conditions in the pots and in the greenhouse, which reduced the length of the growing cycle to about four months. In any case, it is known that as regards quantity and quality, production in the field is not comparable with that in the greenhouse. For example, production of the hybrid Treviso per hectare would be 764 kg dry matter and that of Primizia 1536 kg, which correspond to around 30% and 60%, respectively, of the average yield of a rye cover crop under field conditions. The different productivity of the cultivars influenced the quantity of mulch used for the study of the weeds, and therefore also the quantity of allelochemicals applied in the treatments. The average content of the benzoxazinoids 2,4-dihydroxy-1,4 (2H)-benzoxazin-3-one (DIBOA) and benzoxazolin-2(3H)-one (BOA) are presented in Table II . In contrast with Niemeyer et al. (1992) , triticale does not contain benzoxazinoids, at least regarding the cv. Trimaran and in the experimental conditions described. Consequently, triticale was excluded from the statistical analysis. All 8 varieties of rye produce DIBOA, while only 4 also produce BOA in traceable quantities. For this reason the BOA content was not statistically analyzed, while the total benzoxazinoid content was calculated. The DIBOA content of rye mulch is statistically different among cultivars (P < 0.001), going from 177 (cv. Born) to 534 μg g −1 (cv. Fasto), although Duncan's test only distinguishes the cv. Fasto from all the others. Considering the BOA as well, the total benzoxazinoid content still differs significantly for the 8 rye cultivars (P < 0.01), with Fasto, Forestier and Primizia in the first three positions, while the cv. Born presents the lowest value, which is about 1/3 of that of Fasto.
To check the allelopathic effect of rye residues on weeds, pots were prepared with the quantities of mulch -and consequently of benzoxazinoids -presented in Table III . Because of differences in the production of biomass and in the allelochemical content, the treatments were characterized by quite varied conditions. The amounts of mulch ranged from 15.2 (Treviso) to 32.5 g/pot (Primizia). As regards the total benzoxazinoid amounts applied, and excluding triticale which contained none, the lowest value was that for Born, with less than 4 mg per pot, while Fasto and Primizia had values of around 13.
The number of weed seedlings at 32 days after planting is presented in Table IV . The analysis of variance indicates the absence of significant effects for velvetleaf and common lambsquarters, while for redroot pigweed and common purslane significance goes from 1% to 1% . As regards velvetleaf, as found in a previous study (Tabaglio and Gavazzi, 2006) , rye mulch does not manifest any control and tends rather to encourage germination, probably due to the higher humidity of the mulched soil. The eight mulches of rye are statistically different compared with the control for redroot pigweed and common purslane, while triticale mulch is effective only for common purslane. The rye mulches are not statistically different from each other. For redroot pigweed, at a level of probability of 5% it is clear that only rye cultivars, with the exclusion 400 V. Tabaglio et al. Table IV . Number of weed seedlings counted up to 32 days after sowing. Figures are percentages over control. The data represent the seedlings which emerged from the mulch obtained from the eight rye cultivars and the triticale cultivar (Trimaran). For each cultivar three pots were used, to which the mulch was applied. To these pots were added three control pots without mulch. In each pot and for each weed 60 viable seeds were sown. Each mean is derived from three replications.
Cultivars
Abutilon of Treviso, differ from the control. The greatest weed suppression occurred with the mulch of the cv. Matador (-52% compared with the control), while at the other extreme were Treviso (-19%) and Trimaran (-14%). For common purslane, all the mulches were effective; the greatest weed suppression was achieved with Protector (-74%), and good results were also obtained with Treviso (-52%) and with triticale, which was, however, the least effective (-33%). The results obtained confirm that larger-seeded species are less sensitive to allelochemicals (Chase et al., 1991) and that seed mass is particularly important for the selective suppression of weeds with crop residues (Mohler, 1996; Liebman and Davis, 2000) . Therefore, it is difficult to explain the failure to suppress Chenopodium album, because the suppressive effect was also observed in our previous study (Tabaglio and Gavazzi, 2006) . To verify the direct effect of allelochemicals, the relationship between the efficacy in weed suppression and the quantities of benzoxazinoids from the mulches was studied by means of linear regression. The equations obtained for redroot pigweed and common purslane were y = 0.0004x + 12.167 with R 2 = 0.076, and y = -0.0002x + 42.249 with R 2 = 0.003, respectively.
There is no correlation between total benzoxazinoids and the number of seedlings suppressed; in fact, the R 2 calculated are completely irrelevant. With these results it cannot be affirmed that there is no allelopathic effect; it can be affirmed, however, that in our conditions the effect of mulches is not only due to their DIBOA or BOA contents. Other allelochemicals, such as the nine acids identified by Chou and Patrick (1976) , or ß-phenyllactic acid (ß-PLA) or ß-hydroxybutyric acid (ß-HBA) found by Shilling et al. (1986a, b) , which are effective on redroot pigweed and common lambsquarters, may have interacted with the competitive effect of rye residues.
CONCLUSION
The study demonstrates that there are significant differences in benzoxazinoid content between the rye cultivars grown. Rye mulches were not able to suppress velvetleaf and common lambsquarters seedlings, while redroot pigweed and common purslane were significantly affected. No correlation was found between total benzoxazinoid content (DIBOA + BOA) and the number of weed seedlings suppressed, suggesting that benzoxazinoids are not the only source of phytotoxicity.
Our results confirm that the use of rye mulch represents a sustainable weed management practice permitting a decrease in the amount of herbicides used in agroecosystems, for instance by eliminating the need for pre-emergence applications. Allelopathy can contribute to reducing crop production costs and environmental risks caused by an excessive use of herbicides.
